In this issue of Neuron, Han et al. (2016) and Cartoni et al. (2016) define a critical role of mitochondrial transport for successful axon regeneration after injury and provide new insights into intrinsic mechanisms controlling neuronal regeneration capacity in worms and mice.
Classic studies dating back to Ramó n y Cajal showed that axon regeneration is limited and sparse in the adult mammalian CNS. Neurons competent to regenerate axons exhibit regenerative capacities that differ among cell types and age. This difference motivated numerous studies that led to fundamental insights into mechanisms inhibiting axonal regeneration, suggesting that mature CNS neurons are deprived of their regeneration capacity due to an intrinsic decline of permissive conditions. Regeneration competence is regulated at least at two different levels: developmental maturation and injury-induced stress responses. Damage sensors may convey evolutionarily conserved signals to neuronal somata, but somata may interpret such signals in a highly variable manner (Bradke et al., 2012; He and Jin, 2016) . However, the molecular features underlying these processes remain largely unclear.
Axotomy ruptures the axon plasma membrane, causing unwanted ion influx, disassembly of the cytoskeleton, and depolarization of mitochondria (Bradke et al., 2012; Zhou et al., 2016) . Regeneration from such injury requires cascades of signaling events coordinating local reorganization of the axon stump and communication with the cell body. While the distal axon segment undergoes a self-destructive degeneration, the fate of the proximal end depends largely on the ability to re-organize the cytoskeleton at the site of injury and establish a motile growth cone from the severed axon stump. Failure to do so leaves the injured axon with dystrophic end bulbs or ''retraction bulbs'' (Figure 1 ; Bradke et al., 2012; He and Jin, 2016 ).
An injured neuron also needs to switch from an inert to an anabolic metabolism facilitating de novo synthesis of new lipids and proteins for reformation of a growth cone and subsequent axon extension (Bradke et al., 2012; He and Jin, 2016) . Although local biosynthesis might minimize the demand for energy-costly axonal transport from cell bodies during the initial phase of regeneration (Holt and Schuman, 2013; Rishal and Fainzilber, 2014) , later stages may critically depend on microtubule-based long-distance cargo transport as a key source for axon extension (Mar et al., 2014) .
Microtubule-based mitochondrial transport into axons is essential for maintaining normal neuronal excitability and synaptic function. This requires an evolutionarily conserved motor-adaptor complex consisting of the mitochondrial GTPases Miro1/2 (or RhoT1/2) and Milton (or Trak1/2), which link microtubule motors to mitochondria (Schwarz, 2013) . Growing axons exhibit high rates of mitochondrial transport, which is biased toward the active growth cone but declines as neurons mature (Schwarz, 2013; Zhou et al., 2016) . Regenerating adult axons again exhibit increased transport (Mar et al., 2014) , consistent with their high rate of energy-costly axonal transport. Previous studies also showed that axonal mitochondria are necessary to prevent degeneration after injury (Rawson et al., 2014) . However, whether enhancing mitochondrial transport into injured axons is indeed critical for the regenerative capacity of adult neurons, and which regulatory mechanisms might activate and control mitochondrial transport after injury, is unclear.
In this issue of Neuron, two independent studies by Han et al. and Cartoni et al. address the requirements of axonal transport and underlying mechanisms for axon regeneration after injury. Han et al. used a systematic approach to define the role of mitochondrial transport for axon regeneration in C. elegans, taking advantage of in vivo single-neuron laser axotomy on transgenically labeled GABA motor neurons. After severing commissural axons connecting the ventral and dorsal nerve cord, mitochondrial density increased up to 2-fold after injury.
To determine whether the increased mitochondrial density in injured axons is due to changes in transport, fission, or decreased mitophagic degradation, Han et al. transgenically labeled mitochondria with Dendra2 and photoconverted them in the ventral nerve cord (VNC), which contains the neuronal cell bodies and proximal axons of commissural neurons. When axons were severed just after photoconversion, the amount of photoconverted red mitochondria was significantly higher in injured axons than in uninjured axons after 24 hr. Impairing mitophagy by abolishing Parkin activity had no detrimental effect on the axotomy-induced increase in mitochondrial density. Axotomy also had no effect on mitochondrial size. Accordingly, the authors conclude that mitochondrial transport from the VNC to the commissure is the primary cause of increased mitochondrial density after injury.
Next, Han et al. examined to what degree the increase of mitochondrial transport into injured axons is predictive of regeneration. On average, intact and injured axons (both regenerating and non-regenerating) exhibited a similarly increased mitochondrial density. However, only 6.6% of injured axons with a low mitochondrial density regenerated while 39.2% of injured axons with a high mitochondrial density regenerated. This indicated that an increased density of mitochondria in injured axons is necessary, but not sufficient, for successful regeneration. To further test the idea, Han et al. examined whether inhibition of mitochondrial transport affects axon regeneration. RNAi-mediated knockdown of Miro1/2 in GABA neurons reduced the length of regenerating axons but did not affect formation of growth cones. Consistently, overexpression of Miro1 increased axonal lengths. A similar increase in axon regeneration was also observed after overexpressing Miro1 in cultured cortical neurons (Zhou et al., 2016) . Taken together, these data establish that axon regeneration is critically dependent on increased mitochondrial transport.
Consistent with the high energy demand of axon regeneration, worms with an impaired mitochondrial respiratory chain and reduced ATP levels exhibited reduced axon regeneration. Similarly, energy and regeneration deficits of injured mouse cortical neurons were restored by enhanced mitochondrial transport induced by loss of the mitochondrial docking protein syntaphilin (Zhou et al., 2016) . Injured worm axons also activated a reporter of energy stress, consistent with the idea that ATP generation by axonal mitochondria is critical to support regeneration. These data suggest that supplying energy is the major function of mitochondrial transport during axon regeneration.
How may axon injury increase mitochondrial transport? Han et al. speculated that this may be mediated by the evolutionarily conserved MAP kinase DLK-1, which is critical for axon regeneration in worms, flies, and mice (He and Jin, 2016) . Indeed, loss of DLK-1 activity reduced the increase of mitochondrial density after axon injury. Consistently, overexpression of DLK-1 had the opposite effect. Notably, overexpression of an active form of DLK-1 increased mitochondrial density in uninjured axons. This effect was suppressed by loss of CEBP-1, a major mediator of DLK-1 signaling, indicating that activation of canonical DLK-1 signaling is sufficient to increase mitochondrial density in axons. Surprisingly, loss of Miro1/2 had little effect on DLK-1 overexpression-induced regeneration, indicating that DLK-1 and Miro may represent two independent mechanisms regulating both axon regeneration and mitochondrial translocation.
A second study by Cartoni et al. identified the mammalian-specific gene armadillo repeat containing X-linked 1 (Armcx1) as a critical regulator of mitochondrial transport during axon regeneration. The group took advantage of the finding that the regenerative capacity of retinal ganglion cells (RGCs) can be significantly increased by deletions of PTEN and SOCS3, and overexpression of CNTF (termed dKO). By comparing gene expression profiles, they previously found that Armcx1 is highly expressed in injured RGCs with high regenerative ability (Sun et al., 2011) .
In the present study, Cartoni et al. show Armcx1 protein levels are upregulated 2-fold in RGCs of dKO, but not PTEN À/À mutants. Armcx1 contains a putative outer mitochondrial membrane-targeting sequence flanking a transmembrane (TM) domain. Deletion of the TM domain prevented mitochondrial localization of Armcx1. In addition, HA-tagged Armcx1 co-immunoprecipitated with myc-tagged Miro1, indicating that Armcx1 might be a candidate regulating mitochondrial trafficking during nerve injury. Indeed, overexpression of Armcx1 in explant cultures of RGCs from PTEN À/À mice increased the pool of motile mitochondria without affecting their density. This effect was abolished by deleting the TM domain of Armcx1, indicating that mitochondrial Formation of a growth cone is predictive of axonal regeneration. Axonal injury generates a signal (red arrow) that stimulates Armcx1 function, which associates with Miro and the mitochondrial transport machinery to switch mitochondria from a stationary to a motile state and promote axonal regeneration. Likewise, DLK-1 activates mitochondrial transport in a Miro-independent fashion to promote axonal regeneration.
Armcx1 likely recruits stationary mitochondria into a motile pool. Armcx1 overexpression also triggered a substantial increase in axons growing out of the explants, an effect dependent on its mitochondrial localization. Furthermore, Armcx1 overexpression increased the amount of motile mitochondria in axons and neurite length of embryonic cortical neurons. Consistently, knockdown of Armcx1 decreased the motile pool of mitochondria in axons and reduced neurite growth. This dual role of Armcx1 promoting mitochondrial transport and neurite outgrowth also applied to adult RGCs after an optic nerve crush injury. Armcx1 overexpression induced a higher number of regenerating axons after injury and promoted neuronal survival, suggesting that Armcx1 may not only promote axon regeneration but also protect injured neurons from cell death.
The positive effect of Armcx1 on axon regeneration was not due to the limited regenerative ability of wild-type RGCs since Armcx1 overexpression also increased the regeneration capacity of axons in comparison to PTEN mutant RGCs. Remarkably, the high regeneration capacity of PTEN-deleted RGCs overexpressing Armcx1 approached levels seen for dKO RGCs. Moreover, Armcx1 overexpression in PTEN mutant RGCs primarily increased regeneration of axons from non-aRGCs, even though PTEN inhibition selectively promotes regeneration from aRGCs.
Does upregulation of Armcx1 in RGCs of dKO mice underlie their high regeneration capacity? To test this, Cartoni et al. knocked down Armcx1 in dKO mice and found that the ability of high axon regeneration is inhibited and cell survival is reduced. Accordingly, injury-induced elevation of Armcx1 levels is critical for increased neuronal survival and axon regeneration of the dKO model.
Taken together, Han et al. and Cartoni et al. demonstrate a critical role of mitochondrial transport for axon regeneration and provide valuable insights into intrinsic molecular mechanisms facilitating the upregulation of mitochondrial transport after injury and the regeneration capacity of neurons ( Figure 1 ). As such, these insights may provide an emerging foundation for designing efficient neural repair strategies. Future work will be needed to explore how DLK-1 and Armcx1 mobilize mitochondrial transport into axons following neuronal injury.
